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ABSTRACT: As optogenetic studies become more popular, a demand for red-shifted 
channelrhodopsin is increasing, because blue-green light is highly scattered or absorbed by 
animal tissues. In this study, we developed a red-shifted channelrhodopsin by elongating the 
conjugated double bond system of the native chromophore, all-trans-retinal (ATR1). 
Analogues of ATR1 and ATR2 (3,4-didehydro-retinal) in which an extra C=C bond is inserted 
at different positions (C6-C7, C10-C11, and C14-C15 positions) were synthesized, and 
introduced into a widely used channelrhodopsin variant, C1C2 (a chimeric protein of 
channelrhodopsin-1 and channelrhodopsin-2 from Chlamydomonas reinhardtii). C1C2 bearing 
these retinal analogues as chromophores showed broadened absorption spectra toward the long 
wavelength side, and photocycle intermediates similar to the conducting state of 
channelrhodopsin. However, the position of methyl groups on the retinal polyene chain 
influenced the yield of pigment, absorption maximum, and photocycle pattern to a variable 
degree. The lack of a methyl group at position C9 of the analogues considerably decreased the 
yield of pigment, whereas a methyl group at position C15 exhibited a large red-shift in the 
absorption spectra of the C1C2 analogue. Expansion of the chromophore binding pocket by 
mutation of the aromatic residue Phe265 to Ala improved the yield of pigment bearing 
elongated ATR1 analogues without great alteration of the photocycle kinetics of C1C2. Our 
results show that elongation of the conjugated double bond system of retinal is a promising 
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strategy to improve the ability of channelrhodopsin to absorb long-wavelength light passing 
through the biological optical window.  
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INTRODUCTION 
Microbial rhodopsins, also known as type-I rhodopsins, comprise a family of seven-
transmembrane photoreceptor proteins found in prokaryotes and lower eukaryotes.1 In their 
native organisms, microbial rhodopsins function as transmembrane ion transporters (ion 
pump/channel) or as sensory signal transducers when light energy is absorbed. These light-
driven functions are mediated by the trans-cis photoisomerization of the chromophore, all-
trans-retinal, which induces the formation of a series of intermediate states in the photocycle. 
To this date, numerous microbial rhodopsins have been discovered and characterized by 
spectrophotometric and physiologic approaches.  
Channelrhodopsin (ChR) is a light-gated cation channel found in algae, which serves as 
receptor for photo-motility.2-4 Many ChR variants have been discovered so far, showing 
various action spectra over a wide wavelength range, from 436 nm (Tetraselmis striata) to 590 
nm (Chlamydomonas nocitigama),5 as well as variety of ion selectivity. Nowadays, ChRs and 
their modified proteins are widely utilized in optogenetics.6 Heterogeneously expressed ChRs 
on the cell membrane of a target cell can efficiently depolarize the cell in response to light.7-9 
However, most naturally occurring ChRs have their maximal sensitivity to blue-green light,5 
which is highly attenuated in animal tissue due to scattering and the absorption of hemoglobin. 
To overcome the drawbacks of middle-wavelength absorption, development of ChRs 
absorbing long-wavelength light has become an important goal. 
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Methods to develop long-wavelength absorbing channelrhodopsins include modification of 
the apoprotein by searching for naturally occurring red-shifted variants, site-directed 
mutagenesis, or both. Gene screening,10, 11 rational protein mutagenesis,12-14 and chimeric 
protein construction15-17 have been performed in previous studies, exploring and constructing 
several red-shifted ChR variants. However, most of these ChR variants showed limited extent 
of red-shift. 
Substitution of the native chromophore by a chemically modified one is another canonical 
approach to achieve rhodopsin color-tuning. For example, a previous study has shown great 
spectral red-shift of proton pump rhodopsins, proteorhodopsin and Gloeobacter rhodopsin, by 
regenerating the pigments with retinal analogues that have stronger electron-withdrawing 
groups.18 These approaches show that enhancing the conjugation of double bond system of the 
chromophore is a good strategy to red-shift the ChR spectra. In most cases, both microbial and 
animal rhodopsins naturally use A1-retinals (retinal-1) as a chromophore. However, some fresh 
water fish and amphibians use A2-retinals (3,4-didehydro-retinal, retinal-2) as the 
chromophore in their visual rhodopsin.19-22 The additional double bond on the ring of A2-
retinal shifts the absorption band of these visual pigments towards a longer wavelength 
region.23 In previous studies, all-trans-A2-retinal (ATR2) and/or other ring-modified retinal 
analogues were incorporated into ion pumps and channel rhodopsins which originally used all-
trans-A1-retinal (ATR1) as their chromophore, and formed red-shifted pigments with retained 
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pump/channel activity.24-31 The general strategy in these studies is to introduce additional 
double bond(s) into the β-ionone ring of retinal. 
Following this strategy, elongation of the retinal polyene chain to extend the conjugated π-
electron system could be an alternative straightforward method for further red-shifting. In our 
previous study, long-conjugated ATR analogue with an enamine-type Schiff base in its 
structure was noncovalently incorporated into a ChR mutant in which the retinal-binding Lys 
was replaced by Gly, and efficiently red-shifted the absorption spectrum.32 However, chain-
elongated analogues covalently bound to Lys via Schiff base linkage would be more desirable 
because the protonated Schiff base is the core of the hydrogen-bonding network, which is 
essential for the stability and light-induced conformational change of retinal proteins. This 
approach is challenging because the elongated chromophore would induce extensive steric 
hindrance on the chromophore binding pocket. In fact, previous attempts to introduce chain-
elongated retinal analogue into bacteriorhodopsin resulted in the loss of photoactivity and 
limited color tuning.33, 34 However, insertion of extra double bond into the polyene chain of 
ATR alters the spatial relationship between methyl groups, β-ionone ring, and Schiff base. 
Thus, careful consideration of the position of the extra double bond insertion may improve the 
efficiency of pigment formation because methyl groups are also involved in key interactions 
with the chromophore binding pocket.34, 35  
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In the present study, we synthesized ATR1 and ATR2 analogues, whose polyene chains are 
elongated by inserting C=C at C6-C7, C10-C11, and C14-C15 positions, herein referred to as 
ATR1(ATR2)-6ex, ATR1(ATR2)-10ex, and ATR1(ATR2)-14ex, respectively. These 
analogues were incorporated into the widely used C1C2 ChR variant,36 a stable chimeric 
channelrhodopsin of ChR137 and ChR238, from Chlamydomonas reinhardtii. Our results 
demonstrate that the absorption spectra of C1C2 were broadened toward the long wavelength 
side by both ATR1 and ATR2 analogues. The position of C=C insertion on retinal polyene 
chain influenced the relative yield of purified pigment, absorption maximum, and photocycle 
kinetics in varying degrees, but a photocycle intermediate, similar to conducting state of C1C2, 
was formed. Expansion of the chromophore binding pocket by mutation of an aromatic amino 
acid residue improved the yield of pigment with elongated retinal analogues. Our results show 
that elongation of the conjugated double bond system of retinal, not only on the β-ionone ring 
but also on the polyene chain, is a promising strategy to bathochromically tune 
channelrhodopsins, which improves their ability to utilize long-wavelength light. 
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MATERIALS AND METHODS 
Synthesis of One-Double-Bond-Extended Retinal Analogues. ATR2-6ex, ATR2-10ex, 
and ATR2-14ex were prepared as previously reported.39 ATR1-14ex was prepared from ATR1 
by the Horner-Wadsworth-Emmons reaction with C2-phosphonate (triethyl phophonoacetate), 
and subsequent conversion of ester to aldehyde by lithium aluminum hydride or diisobutyl 
aluminum hydride reduction and manganese dioxide oxidation. ATR1-10ex was prepared from 
β-ionylideneacetaldehyde40 by two rounds of the Horner-Wadsworth-Emmons reaction with 
C2-phosphonate and C5-phosphonate (triethyl (E)-3-methyl-4-phosphonocrotonate) 
accompanied with functional transformation of ester to aldehyde. ATR1-6ex was prepared 
from commercially available β-cyclocitral by three rounds of the Horner-Wadsworth-Emmons 
reaction with C2-phosphonate, C5-phosphonate, and C5-phosphonate, respectively, 
accompanied with functional transformation of ester to aldehyde.  
Preparation of C1C2 Analogues and Mutants. In this study, C1C2, a stable chimeric 
channelrhodopsin of ChR1 and ChR2 from Chlamydomonas reinhardtii, which consists of the 
N-terminal loop and helices 1-5 of ChR1 and the helices 6-7 and C-terminal loop of ChR2, was 
used as a template.41 The cDNA of C1C2 chimera was inserted into the mammalian expression 
vector pCAGGS42 with the epitope sequence of anti-bovine rhodopsin monoclonal antibody 
rho1D4 (ETSQVAPA) on the C-terminus. The cDNAs of C1C2 containing a point mutation 
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(W163A, F217A, W262A, F265A, or F269A) were constructed using the In-Fusion cloning kit 
(Clontech) according to the manufacturer’s instructions.  
For the protein expression, plasmids were transfected into HEK293 cells using the calcium-
phosphate method. After incubation for 2 days, transfected cells were collected by 
centrifugation and suspended in Buffer P (50 mM HEPES, 140 mM NaCl, pH 6.5). Collected 
cells were supplemented with retinal or analogue dissolved in ethanol at final concentration of 
20 µM, and incubated overnight at 4°C to form the pigments. The regenerated pigments were 
extracted by Buffer P supplemented with 1% n-dodecyl-β-D-maltoside (DDM), and were 
subjected to rho1D4-antibody conjugated agarose column, to which C-terminal rho1D4 
sequence of each protein specifically binds. After extensively washing the column with Buffer 
P with 0.02% DDM, the proteins were eluted by adding excess amount of the synthetic peptide 
corresponding to the epitope sequence of rho1D4. The final solvent of the sample for the 
following measurements was Buffer P with 0.02% DDM (0.02% DDM, 50 mM HEPES, 140 
mM NaCl, pH 6.5). All the procedures above were performed under deep-red light. When 
C1C2 was similarly purified without addition of any retinal or analogues, ~10% of fully 
regenerated pigment with excess ATR1 was formed, indicating that the endogenous ATR1 in 
HEK293 cells regenerates small amounts of pigment. 
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Spectroscopy. Absorption spectra of pigments at 250-750 nm were measured by UV-visible 
spectrophotometer (Shimadzu UV-2400), which is equipped with a water circulation system to 
the cell holder to keep the sample at 4°C.  
Photoreaction of the pigment was measured by a laboratory-built time-resolved 
spectrophotometer system. The monitoring light, which was generated by a UV-vis fiber light 
source (L10290, Hamamatsu Photonics), was passed through the sample cell and focused on a 
polychromator (SpectraPro-150, Acton Research Corporation). The photoreaction was initiated 
with a yellow flash (>430 nm, pulse width of 170 μs) generated by a xenon flash lamp (Nissin 
Electronic) with a Y-45 glass cutoff filter (AGC Techno Glass). The full spectra (208-930 nm) 
with a wavelength resolution of 0.52 nm were recorded by a high-speed time delay integration 
CCD camera (C10000, Hamamatsu Photonics). The temperature of the sample was kept at 
20°C by a Peltier-controlled cuvette holder (qpod, Ocean Optics). 
In the first 500 ms after flash excitation, spectra were continuously recorded every 200 μs, 
and the spectra at desired time points were obtained by averaging proper number of spectra 
(e.g. average of 10 spectra for <10 ms and 128 for >100 ms). Then averaged spectra of 128 
measurements were recorded at desired time points up to 2 min. The sample was kept in the 
dark before the measurements, and the series of transient spectra obtained by a single flash 
excitation are presented. 
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Data Analysis. All spectroscopic data were analyzed and plotted using the software Igor Pro 
6.37 (WaveMetrics Inc.). For the time-resolved analyses of photocycles, the spectral changes 
were analyzed by singular value decomposition (SVD) method, which was described in our 
previous study in detail.43, 44 In short, the datasets of transient difference spectra were arranged 
in a matrix A, in which the columns and rows correspond to wavelength and time after 
photoexcitation, respectively. The SVD calculation decomposed A into the product of a left 
singular matrix U, a diagonal matrix containing singular values S, and a transpose of a right 
singular matrix V. If the difference in amplitudes between the ith and (i+1)th singular values 
was significantly greater than that between the (i+1)th and (i+2)th ones, number of significant 
components (n) was determined to be i as follows.  
TT
nnn VSUVSUA ××≈××=  (1) 
where 
nU and TnV contain the first n columns of U and 
TV , and 
nS  contains the first n 
singular values. To determine the time constant (reciprocal value of rate constant) of each 
transition, columns of T
nV  were global-fitted by the sum of exponential functions as follows: 
T
121
T )/exp(,),/exp(),/exp(,1( −−−−×≈ nnn ttt τττ CV  (2) 
From Eqs. 1 and 2, 
)/exp(,),/exp(),/exp(,1( 121 −−−−×××≈ nnnn ttt τττ CSUA  (3) 
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Columns of 
nnn CSU ××  are the decay-associated difference spectra (B-spectra). The 
transient difference spectra at time = t (TDS(t)) were approximated by the combination of B-
spectra as follows.   
)/exp()/exp()/exp()( 1122110 −− −++−+−+= nn tttt τττ BBBBTDS   (4) 
where Bi are B-spectra, and τi are the time constants. Therefore, the extrapolated difference 
spectra at t = 0 and t = ∞ (DS0 and DS∞, respectively), and those of pseudo-steady state after 






























By estimating the fraction of photoexcited pigment (f), the absorption spectra (AS) at t = 0, t 
= ∞, and in the pseudo-steady state, were calculated as follows:  
DARKDSAS ×+= fii    (6) 
where DARK is the dark-state spectra. f was estimated so that all ASi have no negative 
absorbance. Note that ASi possibly represents the mixture of intermediates. 
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RESULTS 
Absorption Characteristics of Retinal and Analogues. Retinal and its analogues used in 
the current experiments are listed in Figure 1 and Table 1. We used two naturally existing 
retinals, all-trans-retinal (ATR1) and 3,4-didehydro-all-trans-retinal (ATR2), and their C=C 
elongated analogues on positions C6-C7 (ATR1-6ex and ATR2-6ex), C10-C11 (ATR1-10ex 
and ATR2-10ex), and C14-C15 (ATR1-14ex and ATR2-14ex). The absorption spectra of these 
retinal and analogues are shown in Figure 1i, and the absorption characteristics are listed in 
Table 1. It is well known that the absorption spectrum of ATR2 is 15-20 nm red-shifted from 
ATR1 due to the additional double bond in β-ionone ring. Elongation of a conjugated double 
bond system by inserting C=C in its polyene chain red-shifted the absorption maximum by 
approximately 15-20 nm for both ATR1 and ATR2 (Table 1). Note that ATR2, ATR1-6ex, 
ATR1-10ex, and ATR1-14ex showed similar absorption spectra, while those of ATR2-6ex, 
ATR2-10ex, and ATR2-14ex are similar. In solution, the absorption spectra of retinal and 
analogues depends solely on the length of the conjugated double bond system.  
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Figure 1. Structures and UV-visible absorption spectra of ATR1, ATR2, and their analogues. (a) 
ATR1. (b) ATR2. (c) ATR1-6ex. (d) ATR2-6ex. (e) ATR1-10ex. (f) ATR2-10ex. (g) ATR1-14ex. 
(h) ATR2-14ex. Atoms in red numbers represent the insertion position of C=C for each 
analogue. (i) UV-visible absorption spectra in ethanol. All the absorption spectra were 
normalized to 1.0.  
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Table 1. Absorption characteristics of ATR1, ATR2 and their analogues in ethanol.  
 
ATR1- type  ATR2- type 
ATR1 6ex 10ex 14ex  ATR2 6ex 10ex 14ex 
λmax (nm) 383 402 401 405  400 418 416 420 
shift (Δnm) - 19 18 22  17 35 33 37 
 
Absorption Characteristics of C1C2 with Retinal Analogues. Unlike extended retinal 
analogues in solution, the absorption spectra of C1C2 bearing these retinal analogues as the 
chromophore varied widely (Figure 2 and Table 2). C1C2 with the native chromophore, ATR1 
(ATR1-C1C2), shows a maximum absorbance at 477 nm, with two characteristic shoulders at 
approximately 450 nm and 415 nm. The long-wavelength spectral boundary, at which 
absorbance is 1/e of maximal absorbance,24 is 515 nm (Table 2). Using ATR2 as a chromophore 
(ATR2-C1C2), the absorption maximum and long-wavelength spectral boundary of C1C2 
sample was red-shifted by 7 and 27 nm, respectively (Table 2). In addition, the spectral 
shoulders observed in ATR1-C1C2 were less prominent in ATR2-C1C2. Because small 
amount of ATR1-C1C2 generated with endogenous ATR1 in HEK293 expression system 
causes the blue-shift of the absorption spectrum of the sample, absorption maximum and long-
wavelength spectral boundary of pure ATR2-C1C2 would be more red-shifted.  
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Figure 2. UV-visible absorption spectra of C1C2 bearing ATR1 or its analogues (a) and ATR2 
or its analogues (b). All spectra were measured in buffer (0.02% DDM, 50 mM HEPES, 140 
mM NaCl, pH 6.5), and normalized at 278 nm, so that absorbance equals to 1. A small amount 
of ATR1 pigment was formed without addition of retinal and analogues (no add.). 
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Table 2. Absorption characteristics of C1C2 analogues. 
 
ATR1- type  ATR2- type 
ATR1 6ex 10ex 14ex  ATR2 6ex 10ex 14ex 
λmax (nm) 477 - 502 479  484 493 510 490 
shift (Δnm) - - 25 2  7 16 33 13 
Long-WL boundary (nm)a 515 - 574 540  542 593 599 572 
shift (Δnm) - - 59 25  27 78 84 57 
















Values were obtained from the absorption spectra in buffer (0.02% DDM, 50 mM HEPES, 140 
mM NaCl, pH 6.5). Because the blue-shift of the apparent absorption spectra by the 
contribution of endogenous ATR1 pigment is not taken into consideration, the values of pure 
analogue pigments are possibly more red-shifted. aThe wavelength at which the absorbance is 
1/e of maximal absorbance. bThe value of Absmax/Abs278. Each value is the mean ± standard 
deviation of 3-4 independent measurements. 
 
Replacing the chromophore from ATR1 and ATR2 with their elongated analogues tunes the 
absorption maximum and the long-wavelength spectral boundary to varying degrees (Figure 2 
and Table 2). ATR1-6ex-C1C2 showed almost no absorption peak, indicating that the 
chromophore binding pocket of C1C2 could not efficiently accommodate ATR1-6ex as its 
chromophore. ATR1-10ex red-shifted the absorption spectrum of C1C2 most effectively 
between three elongated ATR1 analogues, with 25-nm red-shifted absorption maximum, and 
the two spectral shoulders were observed at approximately 455 and 545 nm. The long-
wavelength spectral boundary of ATR1-10ex-C1C2 was also remarkably extended to 574 nm 
(Table 2). ATR1-14ex only 2-nm red-shifted the absorption maximum of C1C2, with retained 
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spectral shoulder at approximately 450 nm. However, the long-wavelength spectral boundary 
of ATR1-14ex-C1C2 was efficiently extended to 540 nm (Table 2). Note that the length of 
conjugated double bond system of these elongated ATR1 analogues is the same as that of ATR2, 
while the absorption maxima, as well as the long-wavelength boundaries of these C1C2 
analogues varied widely. 
When elongated ATR2 analogues were incorporated into C1C2, the absorption spectra were 
further red-shifted as compared to their corresponding ATR1 analogues (Figure 2). The 
absorption maxima of ATR2-6ex-C1C2, ATR2-10ex-C1C2, and ATR2-14ex-C1C2 were red-
shifted by 16, 33, and 13 nm, respectively, from that of ATR1-C1C2 (Table 2). The spectral 
shoulder was less prominent in C1C2 bearing ATR2 analogues than in those bearing ATR1 
analogues, and long-wavelength spectral boundaries of ATR2-6ex-C1C2, ATR2-10ex-C1C2, 
and ATR2-14ex-C1C2 were extended to 593 nm, 599 nm, and 572 nm, respectively (Table 2). 
Again, note that trace amounts of endogenous ATR1 from HEK293 expression system could 
generate pigment with C1C2 (Figure 2), which possibly blue-shifts the absorption spectra of 
the sample. The absorption maxima and long-wavelength boundaries of analogue pigments 
presented here are possibly underestimated, because the contribution of ATR1 pigment was 
not taken into consideration. The expanded long wavelength spectral boundaries would allow 
these pigments to respond to light from Nd-YAG laser (532 nm), green He-Ne laser (543 nm), 
and red He-Ne laser (633 nm) 5-20 times more than original ATR1-C1C2.  
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The relative yield of pigment with these retinal analogues was assessed by the relative 
absorbance, which is the maximal absorbance in visible region divided by absorbance at 278 
nm (Absmax/Abs278) (Table 2). While relative absorbance depends on the binding affinity of 
analogues to the chromophore binding site, it would be affected by the difference in the 
extinction coefficients and stability of formed pigments as well. Absmax/Abs278 of all the ATR1 
analogues incorporated into C1C2 were relatively low, whereas those of elongated ATR2 
analogues were greater than those of their ATR1 counterparts. For instance, Absmax/Abs278 of 
ATR2-6ex-C1C2 was better than that of all ATR1-C1C2 analogues, while negligible amount 
of pigment was regenerated using ATR1-6ex. Absmax/Abs278 of ATR2-10ex-C1C2, and ATR2-
14ex-C1C2 were comparable to that of ATR2-C1C2. 
 
Photoreaction of C1C2 with Retinal Analogues. Previous studies have shown that the 
chemical modification of retinal chromophore may affect not only the absorption 
characteristics but also the photocycle kinetics of microbial rhodopsin, such as the altered 
intermediate states, accelerated/decelerated transitions, and even loss of photoactivity.45, 46 In 
this study, the elongated polyene chain and/or the methyl group at altered location could also 
cause a steric effect. Because the ion channel of ChRs transiently opens during photocycle, it 
is of importance to assess the alteration of photocycle by chromophore modification. 
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Flash-induced spectral changes of C1C2 bearing retinal and analogues were measured by 
time-resolved UV-visible spectroscopy (Figure S1). Measurements are presented as contour 
plots, where absorbance increase, and decrease, are shown in red/yellow, and cyan/blue, 
respectively (Figure 3). So far, the photocycle of channelrhodopsin has been extensively 
investigated using C. reinhardtii ChR2, where the serial formation of intermediate states, P1500, 
P2390, P3520, and P4480, were reported,47 among which P3520 and possibly P2390 are considered 
to be conducting states. Although the photocycle of C1C2 is still not fully understood, a 
previous report suggested that it is similar to that of ChR2.48 
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Figure 3. Time-resolved UV-visible absorption spectroscopy of C1C2 bearing ATR1, ATR2, or 
their analogues. Contour plots were generated by Igor Pro. Absorbance increase and decrease 
are shown in red/yellow and cyan/blue, respectively. Original transient spectra obtained by 
excitation with a yellow flash (> 430 nm, pulse duration = 170 µs) are shown in Figure S1. All 
measurements were performed in buffer (0.02% DDM, 50 mM HEPES, 140 mM NaCl, pH 
6.5) at 20°C. (a) ATR1-C1C2. (b) ATR2-C1C2. (c) ATR1-6ex-C1C2. (d) ATR2-6ex-C1C2. (e) 
ATR1-10ex-C1C2. (f) ATR2-10ex-C1C2. (g) ATR1-14ex-C1C2. (h) ATR2-14ex-C1C2.   
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When ATR1-C1C2 was excited by a yellow flash, the absorbance decreased at 470 nm and 
increased at 350 nm and 530 nm as observed right after flash (Figures 3a and S1a). Then, 
absorbance at 350 nm decreased with concomitant increase at 530 nm, followed by absorbance 
decrease at 530 nm, while small loss of absorbance at 450 nm was long-lived in the photocycle. 
To further anatomize the spectral changes in our measurements, the series of transient 
difference spectra (Figure S1a) were analyzed by singular value decomposition (SVD) 
analysis,43, 44 giving four significant U- and V-spectra. By global fitting of four V-spectra with 
three-exponential function, three decay associated difference spectra (B1, B2, and B3) plus 
constant component (B0) were calculated (Eq. 4) (Figure 4a). B1-B3, oppositely signed for easy 
comparison in Figure 4, represent the spectral changes (different spectra) of respective 
transition between intermediate states, which have their individual time constant (τ). For 
comparison, extrapolated difference spectrum at t = 0 (DS0) (Eq. 5) is also presented in Figure 
4a. 
  
- 23 - 
 
 
Figure 4. SVD analyzed time-resolved UV-visible absorption spectra of C1C2 bearing ATR1, 
ATR2, or their analogues. DS0 (red) represents the extrapolated difference spectra at t = 0 (Eq. 
5). The decay-associated difference spectra (B1, B2, and B3) are oppositely signed for easy 
comparison. Orange, green, blue, and purple lines tentatively represent the formations of P2390, 
P3520, P4480, and dark state, respectively. B0, (gray) represents the extrapolated difference 
spectra at t = ∞ (Eqs. 4 and 5). All measurements were performed with a yellow flash (> 430 
nm, pulse duration = 170 µs) in buffer (0.02% DDM, 50 mM HEPES, 140 mM NaCl, pH 6.5) 
at 20°C. (a) ATR1-C1C2. (b) ATR2-C1C2. (c) ATR1-6ex-C1C2. (d) ATR2-6ex-C1C2. (e) 
ATR1-10ex-C1C2. (f) ATR2-10ex-C1C2. (g) ATR1-14ex-C1C2. (h) ATR2-14ex-C1C2. Note 
that the spectral changes for ATR1-10ex (e) and ATR2-10ex (f) are quite different from the 
others (for detail, see text).  
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To better understand the spectral changes, extrapolated absorption spectra at t = 0 (AS0) and 
t = ∞ (AS∞), and pseudo steady states (AS1, AS2, and AS3) were generated using B0-B3 spectra 
and dark-state spectrum of ATR1-C1C2 (Eq. 6) (Figure S2). SVD-analyzed spectra of ATR1-
C1C2 (Figures 4a and S2a) imply that the absorbance of dark-state was significantly decreased 
and the mixture of P2390 and P3520 (and possibly P1500) was formed just after the flash 
photoexcitation (DS0 and AS0). B1 (τ = 17 ms) corresponded to the conversion from P2390 to 
P3520 (green), and gave the extrapolated absorption spectra mainly containing P3520 (AS1). 
Similarly, B2 (τ = 69 ms), corresponding to the conversion from P3520 to P4480 (blue), gave the 
spectra mainly containing P4480 (AS2). B3 (τ = 29 s) represents the recovery of the dark-state 
by the decay of the final intermediate (P4480) (purple), and B0 and AS∞ were almost identical 
to base line and the dark-state spectrum, respectively.  
For the analyses of the flash-induced spectral changes of C1C2 analogues, B spectra, and 
resulted DS and AS were calculated as well. The photocycle of ATR2-C1C2 (Figures 3b, 4b, 
S1b and S2b) were qualitatively in good agreement with that of ATR1-C1C2, while the spectra 
were somewhat red-shifted, implying that the addition of double bond on β-ionone ring did not 
largely affect the photocycle kinetics of C1C2. On the other hand, addition of double bond on 
polyene chain shows various effects on the photocycle of C1C2 (Figures 3c-h, 4c-h, S1c-h, and 
S2c-h). ATR1-6ex-C1C2 (Figures 4c and S2c), which formed almost no pigment, showed a 
negligible photo-reaction signal, which could be attributed to a minute amount of ATR1-C1C2 
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formed by endogenous ATR1 in HEK cells. Meanwhile, C1C2 with other analogues showed 
photo-reaction with detectable intermediates by light activation. ATR2-6ex-C1C2 (Figures 3d, 
4d, S1d, and S2d), ATR1-14ex-C1C2 (Figures 3g, 4g, S1g, and S2g) and ATR2-14ex-C1C2 
(Figures 3h, 4h, S1h, and S2h) showed a photocycle similar to ATR1-C1C2, in which the 
formation of UV-intermediate (P2390: hereafter absorption maxima of corresponding 
intermediates of ATR1-C1C2 are indicated by suffixes for easy comparison) just after flash 
excitation, and red-shifted intermediate (P3520) were formed (Figures 3d, 3g, and 3h). However, 
time constants and absorption maxima of these intermediates were slightly changed, e.g., the 
formation of P3520 was decelerated in ATR2-6ex-C1C2, while P3520 of ATR1-14ex-C1C2 and 
ATR2-14ex-C1C2 were formed within the present time resolution (<2 ms, note that green 
curve showing P3520 formation is missing in Figures 4g and 4h. See also Figures S2g and S2h). 
In contrast, the spectral changes for ATR1-10ex-C1C2 (Figures 3e, 4e, S1e, and S2e) and 
ATR2-10ex-C1C2 (Figures 3f, 4f, S1f, and S2f) appeared to be quite different from those of 
ATR1-C1C2. Two intermediates could be clearly detected: one, formed just after flash 
excitation, had the absorption spectrum similar to that of dark-state, and the other was UV-
intermediate (Figures 3e, 3f, S2e, and S2f). These two intermediates would thus be 
corresponded to P1500 and P2390, respectively, while their decays were extremely decelerated. 
The following red-shifted intermediate, P3520, was not clearly observed. However, small loss 
of absorbance at approximately 500 nm was long-lived, indicating the formation of P4480. The 
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decay of P4480 of ATR1-C1C2-10ex was so slow that P4480 decay was not observed in the 
present 130 s measurement (Figures 3e, 4e, and S2e), while ATR2-C1C2-10ex showed P4480 
decay time constant of 51.9 s (Figures 3f, 4f, and S2f). It is likely that P3520 could not be 
observed in ATR1-C1C2-10ex and ATR2-C1C2-10ex because the lifetime of P2390 was 
significantly longer than that of P3520. 
According to the results of time-resolved UV-visible spectroscopy and SVD analysis, the 
photocycle of C1C2 bearing elongated retinal analogues is consistently explained by the 
intermediates known in ATR1-C1C2 photocycle, but the kinetics are substantially altered. 
Modification of Chromophore Binding Pocket. The pigment formation of elongated 
ATR1 analogue was poorer than that of ATR1, as suggested by their significantly lower relative 
absorbances (Absmax/Abs278) compared to those of ATR1 and ATR2 (Table 2). It is likely that 
the elongated retinal is not properly accommodated in the chromophore binding pocket due to 
the steric hindrance. This may become an issue when introducing these elongated retinal 
analogues in optogenetic studies, as effective pigments would decrease. Therefore, to eliminate 
the extra steric hindrance caused by elongated retinal analogues, the bulky aromatic amino acid 
side chain located near the retinal chromophore was removed by site directed mutagenesis.  
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Figure 5. Structure of chromophore binding pocket in C1C2 (PDB: 3ug9). Retinal forms Schiff 
base with Lys296, and is surrounded by five aromatic amino acids, Trp163, Phe217, Trp262, 
Phe265, and Phe269. Phe217 and Phe269 locate near the β-ionone ring, while the rest 3 
residues locate near the polyene chain of retinal. 
 
Crystal structure of C1C236 demonstrated that the chromophore binding pocket is composed 
of 5 aromatic amino acid residues, Trp163, Phe217, Trp262, Phe265, and Phe269 (Figure 5). 
We mutated each residue to alanine (W163A, F217A, W262A, F265A, and F269A), and 
assessed the relative yield of pigment by ATR1 and ATR1 analogues (Figure S3). All mutants 
yielded the pigment with ATR1, while the expression levels were somehow different. However, 
elongated retinal analogues could only be incorporated into F265A to form pigments. Thus, 
the pigment formation yield of F265A were further tested in detail, with both ATRs and ATR 
analogues (Figure 6 and Table 3). Comparing to C1C2, F265A mutation caused minor tuning 
to the absorption maxima, but the long-wavelength boundaries of ATR1-F265A and ATR2-









- 28 - 
were then judged from the relative absorbances (Absmax/Abs278) (Figures 6b). F265A showed 
a modestly reduced Absmax/Abs278 with ATR1, but significantly increased Absmax/Abs278 with 
ATR1 analogues, especially with ATR1-10ex and ATR1-14ex (Figure 6c). However, 
Absmax/Abs278 of ATR2 analogues did not evidently improved by F265A mutation. That is 
probably because ATR2 analogues already have near-saturated regeneration efficiency to 
C1C2 (Figure 6c). 
 
Table 3. Absorption characteristics of C1C2-F265A analogues. 
 
ATR1- type  ATR2- type 
ATR1 6ex 10ex 14ex  ATR2 6ex 10ex 14ex 
λmax (nm) 476 483 501 475 
 
494 496 529 486 
shift (Δnm) - 7 25 -1 
 
18 20 53 10 
Long-WL boundary (nm)a 527 556 573 532 
 
557 602 601 561 
shift (Δnm) - 29 46 5 
 


















Values were obtained from the absorption spectra in buffer (0.02% DDM, 50 mM HEPES, 140 
mM NaCl, pH 6.5). Because the blue-shift of the apparent absorption spectra by the 
contribution of endogenous ATR1 pigment is not taken into consideration, the values of pure 
analogue pigments are possibly more red-shifted. aThe wavelength at which the absorbance is 
1/e of maximal absorbance. bThe value of Absmax/Abs278. Each value is the mean ± standard 
deviation of 3-4 independent measurements. 
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Figure 6. UV-visible absorption spectra of F265A bearing ATR1 or their analogues (a) and 
ATR2 or its analogues (b). All spectra were measured in buffer (0.02% DDM, 50 mM HEPES, 
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140 mM NaCl, pH 6.5), and normalized at 278 nm, so that absorbance equals to 1. (c) 
Comparison of the yields of pigment formation between C1C2 (red) and F265A (orange) by 
relative absorbances (Absmax/Abs278). Values are means of 3-4 independent measurements and 
the error bars show the standard deviations. *p < 0.02, **p < 0.002. 
 
The photocycle of F265A bearing ATRs and analogues were also analyzed with time-
resolved spectroscopy (Figures 7 and S4) and SVD analysis (Figures 8 and S5). The results 
demonstrated that the photocycle intermediates are qualitatively similar to C1C2 counterparts, 
while the time constants for transition were altered. For instance, P3520 formation in ATR1-
F265A photocycle (Figure 8a, S5a) was significantly accelerated (τ = <2 ms) as compared to 
that of ATR1-C1C2 (17 ms). However, the P4480 formation was decelerated from 69 to 471 ms, 
and the recovery to dark-state was decelerated from 28 to 87 s. Similar alterations of photocycle 
kinetics by F265A mutation such as accelerated formation of P3520 and following slowed 
process, were also observed for other retinal and analogues (Figures 8 and S5). As the channel-
open state in the photocycle could be assigned to P3520 and potentially P2390, the slower 
conversion from P3520 to P4480 caused by F265A suggests a prolonged channel-open duration 
per photocycle. Interestingly, ATR1-6ex-F265A, whose yield of pigment formation was poor 
similarly to ATR1-6ex-C1C2, showed a photocycle signal distinguishable from ATR1-F265A, 
which was considered as originated by ATR1-6ex analogue. These results again prove that the 
structure of channelrhodopsin, which binds elongated retinal analogues, was stabilized by 
F265A mutation. 
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Figure 7. Time-resolved UV-visible absorption spectroscopy of C1C2-F265A bearing ATR1, 
ATR2, or their analogues. Contour plots were generated by Igor Pro. Absorbance increase and 
decrease are shown in red/yellow and cyan/blue, respectively. Original transient spectra 
obtained by excitation with a yellow flash (> 430 nm, pulse duration = 170 µs) are shown in 
Figure S4. All measurements were performed in buffer (0.02% DDM, 50 mM HEPES, 140 
mM NaCl, pH 6.5) at 20°C. (a) ATR1-F265A. (b) ATR2-F265A. (c) ATR1-6ex-F265A. (d) 
ATR2-6ex-F265A. (e) ATR1-10ex-F265A. (f) ATR2-10ex-F265A. (g) ATR1-14ex-F265A. (h) 
ATR2-14ex-F265A.  
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Figure 8. SVD-analyzed time-resolved UV-visible absorption spectra of F265A bearing ATR1, 
ATR2, or their analogues. DS0 (red) represents the extrapolated difference spectra at t = 0 (Eq. 
5). The decay-associated difference spectra (B1, B2, and B3) are oppositely signed for easy 
comparison. Orange, green, blue, and purple lines tentatively represent the formations of P2390, 
P3520, P4480, and dark state, respectively. B0, (gray) represents the extrapolated difference 
spectra at t = ∞ (Eqs. 4 and 5). All measurements were performed with a yellow flash (> 430 
nm, pulse duration=170 µs) in buffer (0.02% DDM, 50 mM HEPES, 140 mM NaCl, pH 6.5) 
at 20°C. (a) ATR1-F265A. (b) ATR2-F265A. (c) ATR1-6ex-F265A. (d) ATR2-6ex-F265A. (e) 
ATR1-10ex-F265A. (f) ATR2-10ex-F265A. (g) ATR1-14ex-F265A. (h) ATR2-14ex-F265A.  
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DISCUSSION 
In this study, we demonstrated that the color-tuning of ChRs could be achieved by adding 
additional conjugated double bond(s), not only on the β-ionone ring,24 but also on its polyene 
chain. Although the red-shift in maximal absorption wavelength is relatively small, the 
absorption spectrum was effectively broadened, resulting in a significant red-shift of the long-
wavelength boundary. Free ATR analogues having one additional double bond (ATR1-6ex, 
ATR1-10ex, ATR1-14ex, and ATR2) showed equally red-shifted absorption spectra relative 
to that of ATR1 (Figure 1i, Table 1). Two additional double bonds (ATR2-6ex, ATR2-10ex, 
and ATR2-14ex) further red-shifted the absorption spectra, and their absorption spectra were 
comparable (Figure 1i, Table 1). These findings indicate that the absorption spectra of free 
ATR in solution solely depends on the length of the conjugated double bond system. In contrast, 
binding experiments with C1C2 demonstrated that the spectral red shift highly depends on the 
location of the double bond insertion, indicating that the interaction between the chromophore 
binding pocket and methyl groups in polyene chain of analogues regulates the absorption 
spectra of C1C2 (Figure 2, Table 2). It should be noted that inserting double bonds in β-ionone 
ring and polyene chain additively red-shifted the absorption spectra, and ATR2-6ex-C1C2 and 
ATR2-10ex-C1C2 could serve as better candidates for optogenetic utilization.  
However, the elongation of polyene chain raises an issue regarding the altered chromophore 
structure, which may cause extra steric effects and hinder the interaction between the binding 
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pocket and chromophore. A previous study34 has shown that the incorporation of ATR1-14ex 
into bleached bacteriorhodopsin purple membrane in place of ATR1 yields unstable pigment 
which shows no photoactivity. In contrast, our results showed that C1C2 could generate 
pigment with all ATR1 and ATR2 analogues except for ATR1-6ex (Figure 2, Table 2), and 
underwent the photocycle which is required for the gating of channel (Figures 3 and 4). 
Especially, the formations of near-UV intermediate (P2390) and subsequent red-shifted 
intermediate (P3520) are notable, since they correspond to the channel-open state.  
Elongated Retinal Analogues in the Chromophore Binding Pocket. Elongated retinal 
analogues may not be perfectly fitted into the C1C2 chromophore binding pocket, which has 
limited space. Our mutagenesis analysis gives an insight into how these elongated analogues 
could be accommodated in the chromophore binding pocket (Figures 5 and S3). Mutation of 
the aromatic residues near retinal β-ionone ring, Phe217 and Phe269, resulted in no pigment 
formation with elongated ATR1 analogues. This indicates that the hydrophobic interaction 
between β-ionone ring and these two residues, which holds the β-ionone ring of elongated 
analogues in its native position, is essential for forming pigments. In fact, the crystal structure 
of C1C2 suggests that linearly extended all-trans structure of elongated retinal analogues is 
hindered by the steric interaction between β-ionone ring and helix 5 (Figure 5). However, 
because the manipulation in binding experiment was carried under the dim red light and the 
reaction mixture was kept in the dark, it is likely that the double bonds of elongated retinal 
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analogues are kept in trans configuration. Assuming that the positions of β-ionone ring and 
Schiff base are not largely altered in the elongated chromophore, s-cis structure(s) would be 
adopted in the polyene chain, bending the structure and shortening the longitudinal distance 
between β-ionone ring and Schiff base. The steric hindrance around polyene chain would be 
thus enhanced, but it could be released by F265A mutation near the chromophore polyene, 
resulting in the improved yield of pigment. It is likely that the polyene chain was bending 
toward a vertical direction of polyene plane of the chromophore where Phe265 is located 
(Figure 5). Two other aromatic residues, Trp163 and Trp262, are located in the extracellular 
and cytoplasmic side of chromophore binding pocket, respectively. While W163A and W262A 
mutations appear to release the steric interaction between bent retinal analogue and the 
chromophore binding pocket, it is not the case, as these mutants generated no pigments with 
analogues. Therefore, these two residues could be considered to be involved in the hydrophobic 
packing, which stabilizes the chromophore binding pocket. 
The Effect of F265A Mutation to Photochemical Properties of C1C2. The introduction 
of F265A mutation not only enhanced the Absmax/Abs278 with ATR1-14ex and ATR1-10ex 
significantly, but also slightly decreased the Absmax/Abs278 with native ATR1 (Figure 6). This 
is an important property for optogenetic application, since most living cells have endogenous 
ATR1, which would be readily incorporated into the chromophore binding pocket, competing 
with the exogenous retinal analogues, and diminishing the effective pigments toward long-
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wavelength light. Similar effect were also found for ATR1-6ex. While photocycle of ATR1-
6ex-C1C2 sample was likely to be originated from endogenous ATR1, ATR1-6ex-F265A 
showed a photocycle distinct from ATR1-C1C2. F265A mutation favored ATR1-6ex binding, 
and a distinctive photocycle originated from ATR1-6ex was observed (Figure 7c, 8c). Although 
the observed effects were modest, our approach would improve the affinity of elongated 
analogues to the chromophore binding pocket relative to native ATR1. 
F265A mutation also affected the photocycle kinetics. So far, studies toward photocycle 
kinetics of ChR were mainly focused on the hydrophilic residues near the chromophore binding 
pocket, such as counter ion,12, 13 DC (Asp-Cys) pair,49-51 or O-H cluster,52 which are involved 
in the hydrogen bonding network. Hydrophobic residues are not thought to be directly involved 
in the proton transfer during the photocycle, but can be structurally essential. Our results 
showed that the conversion from P2390 to P3520 was accelerated, and P3520 to P4480 was 
decelerated by F265A mutation (Figures 3a and 7a). The P2390 to P3520 conversion corresponds 
to the proton transfer from the proton donor residue, Asp195, to Schiff base, and P3520 to P4480 
conversion corresponds to reprotonation of Asp195.53 While Phe265 alters deprotonation and 
reprotonation kinetics of Asp195, Phe265 is located on the opposite side of Asp195 across the 
chromophore. Therefore, it is not likely that Phe265 directly perturbs the proton transfer 
pathway. Rather, removal of Phe265 would induce an unfavorable charge environment for 
proton to approach Asp195 in the chromophore binding pocket, resulting in accelerated proton 
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donation and decelerated reprotonation. Accordingly, our result of photocycle kinetics 
alteration by the F265A mutation gave a new point of view toward engineering of retinal-
binding proteins. 
The Effect of Different Methyl Position of Analogues on Pigment Photochemical 
Properties. Another issue is how the position of methyl groups of elongated ATR1 and ATR2 
analogues influences the photochemical properties. Among respective series of analogues, the 
backbone of conjugated double bond system is common, but the positions of methyl groups 
varied. Unlike in solution, these analogues in the chromophore binding pocket showed 
strikingly different characteristics from each other: the relative yield of pigment and spectral 
shift were dependent on the position of methyl group (Table 4). ATR1-14ex-C1C2 and ATR2-
14ex-C1C2 showed the least red-shift of both absorption maximum and long-wavelength 
boundary, indicating that lack of methyl group at C15 position would lower the electron 
withdraw ability. On the other hand, ATR1-6ex-C1C2 and ATR2-6ex-C1C2 showed a lower 
yield of pigment than their 10ex and 14ex counterparts, suggesting that 9-methyl group would 
be essential for pigment formation and/or the stability of formed pigment. While almost no 
pigment was formed with ATR1-6ex, ATR2-6ex effectively formed pigment with C1C2, 
suggesting that the interaction between 9-methyl group and chromophore binding site is 
compensated by the extra π-electrons in the β-ionone ring region. Note that not only ATR2-
6ex but also ATR2-10ex and ATR2-14ex had higher  yield of pigment than their ATR1 
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counterparts. The extra π-electrons on the β-ionone ring of ATR2 would enhance the π 
interaction with the phenyl group(s) of adjacent Phe217 and/or Phe269.  
 
Table 4. Effect of position of methyl groups on the spectroscopic characteristics of C1C2. 
 
ATR1- type  ATR2- type 
ATR1 6ex 10ex 14ex  ATR2 6ex 10ex 14ex 
Relative yield of pigment S N W W  S M S S 
λmax shift - - M N  W M S W 
Long-WL boundary shift - - M W  W S S M 

















W: weak effect, M: medium effect, S: strong effect, N: nearly no effect, -: control or not 
observed. 
 
C1C2 bearing these retinal analogues showed substantial differences in the kinetics of the 
photocycle (Figures 3 and 4, Table 4). ATR2-6ex-C1C2 showed 10 times slower P2390 to P3520 
conversion than that of ATR2-C1C2. Conversely, P2390 to P3520 conversion of ATR1-14ex-
C1C2 and ATR2-14ex-C1C2 was completed within detection limit (~2 ms). Since the P2390 to 
P3520 conversion corresponds to the reprotonation of chromophore Schiff base, 15-methyl 
group would hinder the approach of proton to deprotonated Schiff base. Unlike 6ex and 14ex 
analogues, 10ex-C1C2 showed quite different photocycle kinetics from ATR1-C1C2. 
Although the possibility that the photocycle of 10ex-C1C2 is distinct from that of ATR1-C1C2 
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cannot be excluded, it can be consistently explained by extremely decelerated kinetics. P2390 
existed in 100 ms time scale, and P1500, which should be originally appear in picosecond time 
scale, could be observed in ms time scale. While P3520 could not be observed, P4480 was 
detected at the end of the reaction. It is likely that the lifetime of P2390 became significantly 
longer than that of P3520, and the formation of P3520 was masked by P2390. Thus, although the 
photocycle of ATR1- and ATR2-10ex-C1C2 is seemingly quite different from that of ATR1-
C1C2, it is likely that the events that take place during the photocycle are similar. 
To improve this system, further structural details between the chromophore binding pocket 
and retinal analogues would be needed in the future. Mutagenesis studies and simulation 
studies for rational design of chromophore binding pocket should be considered. Optimizing 
the binding between the protein and the retinal analogues leads to more efficient red-shifted 
pigments, which could be introduced into optogenetic applications. While there is still room 
for improvement, our approach by elongation of conjugated double bond system is a promising 
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Figure S1: Time-resolved UV-visible difference absorption spectra of C1C2 bearing ATR1, ATR2, 
or their analogues. 
 
Figure S2: SVD-analyzed time-resolved UV-visible absolute spectra of C1C2 bearing ATR1, 
ATR2, or their analogues.  
 
Figure S3: UV-visible absorption spectra of C1C2 mutants bearing ATR1 retinal and analogues.  
 
Figure S4: Time-resolved UV-visible difference absorption spectra of C1C2-F265A bearing ATR1, 
ATR2, or their analogues. 
 
Figure S5: SVD-analyzed time-resolved UV-visible absolute spectra of C1C2-F265A bearing 
ATR1, ATR2, or their analogues.  
 
Table S1: Time constants of transitions in C1C2 photocycle. 
 






Figure S1. Time-resolved UV-visible difference absorption spectra of C1C2 bearing ATR1, 
ATR2, or their analogues. The difference spectra before and after photoexcitation with a yellow 
flash (> 430 nm, pulse duration = 170 µs) were measured in buffer (0.02% DDM, 50 mM HEPES, 
140 mM NaCl, pH 6.5) at 20°C. (a) ATR1-C1C2. (b) ATR2-C1C2. (c) ATR1-6ex-C1C2. (d) ATR2-






Figure S2. SVD-analyzed time-resolved UV-visible absolute spectra of C1C2 bearing ATR1, ATR2, 
or their analogues. These spectra were constructed using the B-spectra and dark state spectra measured 
in buffer (0.02% DDM, 50 mM HEPES, 140 mM NaCl, pH 6.5) at 20°C (see Materials and Methods). 
(a) ATR1-C1C2. (b) ATR2-C1C2. (c) ATR1-6ex-C1C2. (d) ATR2-6ex-C1C2. (e) ATR1-10ex-C1C2. (f) 




Figure S3. UV-visible absorption spectra of C1C2 mutants bearing ATR1 retinal and analogues. 
Mutation of aromatic residues in RBP other than Phe265 caused destructive effect to the pigment 
formation with ATR1- retinal and analogues. All samples were dissolved in buffer (0.02% DDM, 50 







Figure S4. Time-resolved UV-visible difference absorption spectra of F265A bearing ATR1, ATR2, 
or their analogues. The difference spectra before and after photoexcitation with a yellow flash (> 430 
nm, pulse duration = 170 µs) were measured in buffer (0.02% DDM, 50 mM HEPES, 140 mM NaCl, 
pH 6.5) at 20°C. (a) ATR1-F265A. (b) ATR2-F265A. (c) ATR1-6ex-F265A. (d) ATR2-6ex-F265A. (e) 





Figure S5. SVD-analyzed time-resolved UV-visible absolute spectra of F265A bearing ATR1, 
ATR2, or their analogues. These spectra were constructed using the B-spectra and dark state spectra 
measured in buffer (0.02% DDM, 50 mM HEPES, 140 mM NaCl, pH 6.5) at 20°C (see Materials and 
Methods). (a) ATR1-F265A. (b) ATR2-F265A. (c) ATR1-6ex-F265A. (d) ATR2-6ex-F265A. (e) ATR1-
10ex-F265A. (f) ATR2-10ex-F265A. (g) ATR1-14ex-F265A. (h) ATR2-14ex-F265A.
S7 
 
Table S1. Time constants of transitions in C1C2 photocycle 
 Time constant (ms) 
 ATR1-type  ATR2-type 
Transitiona ATR1 6ex 10ex 14ex  ATR2 6ex 10ex 14ex 
Dark → P1500 – – < 2 –  – – < 2 – 
P1500 → P2390 < 2b  – 296 –  < 2b < 2 145 – 
P2390 → P3520 16.8 – }27700 < 2  6.9 60.3 }1390 < 2 P3520 → P4480 69.0 71.2 88.8  103 532 130 
P4480 → Dark 28700 1800 – 5190  12900 4320 51900 11500 
aSuffixes of the name of intermediates show the absorption maxima in ATR1-C1C2. bP3520 coexisted.  
 
 
Table S2. Time constants of transitions in C1C2-F265A photocycle 
 Time constant (ms) 
 ATR1-type  ATR2-type 
Transitiona ATR1 6ex 10ex 14ex  ATR2 6ex 10ex 14ex 
Dark → P1500 – – < 2 –  – – < 2 – 
P1500 → P2390 < 2b < 2 1530 –  < 2b < 2 1900 – 
P2390 → P3520 20.2 243 }30200 < 2  100 99.9 }54600 < 2 P3520 → P4480 472 1800 1200  1190 1460 229 
P4480 → Dark 87400 84100 – 84200  94300 74900 – 6890 
aSuffixes of the name of intermediates show the absorption maxima in ATR1-C1C2. bP3520 coexisted.  
 
